Proper activation of naive CD8 ϩ T cells requires stimulation through the TCR and costimulatory receptors. Costimulatory receptors bind to ligands on APCs, and these ligands are often expressed on triggering of innate pattern recognition receptors on APCs. The nature of costimulation and other innate signals during APC-T-cell interaction shapes the generation of the adaptive effector T-cell response. Once an effector T cell is recruited to peripheral tissues, it can continue to be stimulated through various innate and other non-TCR receptors. How these other receptors alter the T-cell effector response may determine the outcome of the immune response to tumors or infections. Therefore, it is imperative to study how triggering of innate and other non-TCR receptors on CD8 ϩ effector T cells alters the functions of these cells.
Introduction
Proper activation of naive CD8 ϩ T cells requires stimulation through the TCR and costimulatory receptors. Costimulatory receptors bind to ligands on APCs, and these ligands are often expressed on triggering of innate pattern recognition receptors on APCs. The nature of costimulation and other innate signals during APC-T-cell interaction shapes the generation of the adaptive effector T-cell response. Once an effector T cell is recruited to peripheral tissues, it can continue to be stimulated through various innate and other non-TCR receptors. How these other receptors alter the T-cell effector response may determine the outcome of the immune response to tumors or infections. Therefore, it is imperative to study how triggering of innate and other non-TCR receptors on CD8 ϩ effector T cells alters the functions of these cells.
NKG2D is an innate receptor expressed on human CD8 ϩ T cells. The NKG2D receptor binds to ligands (MICA, MICB, ULBP1-6) that are expressed on many types of tumor cells, in autoimmune diseases, and during some infections, but they are absent or expressed in low amounts on healthy tissues. [1] [2] [3] [4] [5] Previously, we created a chimeric NKG2D receptor (chNKG2D) consisting of the NKG2D receptor fused to the intracellular region of the CD3 chain. 6, 7 chNKG2D-expressing T cells lyse NKG2D ligandpositive tumor cells and secrete proinflammatory cytokines and chemokines. [6] [7] [8] [9] Although NKG2D provides a primary activation signal in natural killer (NK) cells, in T cells NKG2D associates with DAP10 and provides a "costimulation-type" of signal. [10] [11] [12] In T cells, both the wild-type (wt) NKG2D and chNKG2D receptors require association with DAP10 for cell-surface expression, and DAP10 is responsible for the activation of intracellular signaling of the NKG2D receptor. 6, 13 The cytoplasmic domain of DAP10 has one known signaling motif, a YINM sequence, which is similar to the YMNM signaling domain found in CD28. [11] [12] [13] [14] [15] When this tyrosine is phosphorylated, PI3K and a Grb2-Vav1 complex are subsequently activated. 13 Compared with CD28, human DAP10 lacks other signaling domains, including 2 proline-rich domains responsible for the binding of other downstream signaling molecules, including Itk, Tec, and Lck. 16 Previous studies have shown that NKG2D has similar but not identical effects as CD28 in naive and effector human T cells, suggesting that the activation of intracellular signaling may not be identical between the 2 receptors. 10, 12, 14, 17 It is unknown whether activation of NKG2D alters the function of effector CD8 ϩ T cells and how this might affect the immune response.
Activation of the WNT/␤-catenin pathway is important for regulating T-cell development and has been recently implicated in the development of CD8 ϩ T-cell memory. 18 In the absence of stimulation, intracellular ␤-catenin is hyperphosphorylated, leading to ubiquitination and degradation by the proteasome. 19 Activation of ␤-catenin, either through WNT proteins binding to a Frizzled receptor or through alternative mechanisms such as activation of AKT, leads to phosphorylation and inhibition of GSK3␤ and accumulation of ␤-catenin, which then translocates to the nucleus, activates transcription factors, and increases the expression of target genes. [18] [19] [20] Recent studies have shown that the WNT/␤-catenin pathway is regulated in naive and effector T cells, can be modulated by signaling through the TCR, and may be involved in the generation of central memory T cells. [21] [22] [23] [24] [25] It remains unknown what leads to the activation of this pathway in T cells or how this may alter their effector functions.
This study shows how NKG2D signaling alters the function of human effector CD8 ϩ T cells. We determined how simultaneous signals from the TCR complex and NKG2D altered signal transduction pathways in human CD8 ϩ T cells. The data link changes in specific cytokine expression to the activation of ␤-catenin, which was induced by NKG2D activation. Importantly, NKG2D ligands are expressed in tumor microenvironments, in autoimmune diseases, and during infections, so these data have implications for regulation of an ongoing effector T-cell response because of local expression of NKG2D ligands.
Methods

Cell lines
Blood cells from healthy donors were obtained from Dartmouth Medical Center after informed consent. Human cell line U937 and murine cell lines P815 and P815-MICA were cultured in RPMI supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 g/mL streptomycin, 1mM pyruvate, 10mM HEPES, 0.1mM nonessential amino acids, and 50M 2-mercaptoethanol.
Transduction and stimulation of CD8 ؉ T cells
Human PBMCs were isolated from 6 healthy donors and from cell cones from 8 healthy donors as previously described. 7, 9 All procedures were approved by the Institutional Review Board at Dartmouth College. PBMCs were stimulated with anti-CD3 Abs (OKT3, 40 ng/mL) and 50 U/mL recombinant human IL-2 (rHuIL-2; National Cancer Institute) for 3 days. Retroviral transduction of PBMCs was performed with human wtNKG2D and chNKG2D retroviral vectors as previously described. 7 Two days after transduction, T cells were selected in complete RPMI media containing G418 (0.5 mg/mL) and 50 U/mL rHuIL-2 for an additional 3 days. CD8 ϩ cells were isolated with MACS columns and were cultured for an additional 2 days in 50 U/mL rHuIL-2 before use. For activated, nontransduced cells, PBMCs were stimulated with OKT3 and IL-2, expanded, and isolated in a similar manner but without retroviral transduction or addition of G418. For stimulation with Ab-coated beads, CD8 ϩ cells (4 ϫ 10 5 ) were stimulated in triplicate with human T-cell-activator CD3/CD28 beads (Dynabeads; Invitrogen) or Biotin Binder beads (Dynabeads; Invitrogen) coated with biotin-anti-CD3 (OKT3; eBioscience) or biotin-anti NKG2D (1D11; eBioscience) Abs (1 g total Ab/10 7 beads) or both Abs in 96-well plates. For stimulation with tumor cells, CFSE-labeled CD8 ϩ cells (2 ϫ 10 5 ) were cultured in triplicate with P815, P815-MICA, or U937 cells (2 ϫ 10 5 ) in 96-well plates. Anti-CD3 (OKT3; eBioscience) or isotype (mouse IgG2a; eBioscience) Abs (40 ng/mL) were also added to the wells. For experiments with inhibitors, AKT inhibitor API-2 (0.25M, 2.5M; Tocris Bioscience), ␤-catenin inhibitor XAV 939 (1nM, 10nM; Tocris Bioscience), or PPAR␥ inhibitor GW9662 (0.1M, 1.0M, 10M; Sigma) were added to the cells at the time of stimulation with Ab-coated beads. All inhibitors were dissolved in DMSO, and vehicle controls contained equal concentrations of DMSO specific for each inhibitor.
RT-PCR
Total RNA was extracted from stimulated T cells with the use of the RNeasy Mini Kit (QIAGEN). Synthesis of complementary DNA with the use of random hexamer primers (Fermentas) was performed according to the manufacturer's instructions. Complementary DNA (5 ng) was used as a template for RT-PCR amplification with the use of SYBR Green Master Mix (Applied Biosystems) in a total volume of 25 L according to the manufacturer's instructions. Sequences of specific primers (500nM) used for amplification are shown in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Primer pairs for IFN␥, TNF␣, and GM-CSF were obtained from a human NF-B PCR array (RealTimePrimers.com). Total AKT and phosphorylated AKT were detected, and the optical density values were normalized to cell number with the use of the Janus Whole-Cell stain as per the manufacturer's instructions.
Flow cytometry
For flow cytometric analysis of ␤-catenin or phosphorylated (Serine 9) GSK3␤, transduced T cells (2 ϫ 10 5 ) were stimulated with Ab-coated beads or tumor cells. Cells were then fixed with 1% paraformaldehyde, permeabilized with 0.1% saponin, and stained with Alexa Fluor 647-conjugated anti-␤-catenin (clone 15B8; eBioscience), FITC-conjugated anti-Phospho(Ser9)-GSK3␤ (R&D Systems), or isotype controls. For CD44, NKG2D, and CD28 staining, T cells were incubated with Cohn fraction to block FcR and stained with PE-conjugated anti-CD44 (clone IM7; BioLegend), PE-conjugated anti-NKG2D (clone 1D11; BioLegend), APC-conjugated anti-CD28 (clone CD28.2; eBioscience), or isotype controls. All isotype controls were purchased from eBioscience. Cell fluorescence was monitored with an Accuri C6 cytometer (Accuri Cytometers).
Cytokine production by transduced T cells
Culture of T cells (4 ϫ 10 5 ) and Ab-coated beads was performed in 96-well plates. Cell-free conditioned medium were collected after 24 hours and were assayed for IFN␥ by ELISA with the use of human Duoset ELISA kits (R&D Systems) based on the manufacturer's protocol or were analyzed after 24 or 72 hours for additional cytokines with the use of Luminex kits (Bio-Rad). Luminex analysis was performed by the Immune Monitoring Laboratory of the Norris Cotton Cancer Center.
Statistical analysis
Differences between groups were analyzed with a 2-tailed Student t test, an ANOVA comparing multiple groups, or a Wilcoxon 2-group test to compare ␦Ct values for the RT-PCR experiments. 26 Values of P Ͻ .05 were considered significant.
Results
Stimulation through a chNKG2D receptor activates AKT and ␤-catenin
Previous studies have shown that human T cells expressing a chNKG2D receptor lyse human tumor cells and secrete proinflammatory cytokines, leading to long-term tumor-free survival in several tumor models. [7] [8] [9] However, it is unclear how this chNKG2D receptor alters T-cell signaling, ultimately leading to efficient tumor elimination and long-term survival. Stimulation of NKG2D/DAP10 activates PI3K and AKT (also known as protein kinase B, PKB), which can further affect many downstream signaling pathways. 13 Anti-NKG2D mAbs should stimulate both NKG2D/DAP10 and CD3 simultaneously in chNKG2D T cells. To test whether activation of T cells through the chNKG2D receptor also activated AKT, chNKG2D T cells were stimulated with beads coated with anti-CD3 Abs to stimulate cells through the TCR or anti-NKG2D Abs to stimulate cells through the chNKG2D receptor ( Figure 1A ). On stimulation with either anti-CD3 or anti-NKG2D beads, AKT phosphorylation increased over time, indicating that stimulation through the TCR or the chNKG2D receptor activated AKT.
One downstream mediator possibly affected by AKT is GSK3␤. When AKT is activated, it can phosphorylate and inhibit GSK3␤, allowing for the accumulation and translocation of ␤-catenin to the nucleus where it alters the transcription of numerous genes. 27 To test whether signaling through the chNKG2D receptor phosphorylated GSK3␤ and activated ␤-catenin, intracellular phospho-GSK3␤ and ␤-catenin were measured by flow cytometry after stimulation with beads coated with Abs against NKG2D or CD3.
GSK3␤ phosphorylation at serine 9 was increased after stimulation through CD3, CD3 and CD28, or the chNKG2D receptor ( Figure  1B ). This shows that similar to AKT, stimulation through CD3 alone is sufficient to activate GSK3␤ in activated CD8 ϩ T cells. However, intracellular ␤-catenin increased in chNKG2D T cells only after stimulation with anti-NKG2D-coated beads, with a significant increase beginning after 3 hours and maintained for 24 hours ( Figure 1C-D) . In contrast, chNKG2D T cells stimulated through CD3 or a combination of CD3 and CD28 did not increase ␤-catenin.
After translocation to the nucleus, ␤-catenin interacts with DNA-binding proteins and regulates the expression of many genes. When chNKG2D T cells were stimulated through the chNKG2D receptor, expression of transcription factors activated by ␤-catenin, including LEF1, TCF7, PPAR␥, and RXR␣, increased, with peak expression 8 hours after stimulation ( Figure 1E ). This increase was restricted to signaling through the chNKG2D receptor, because triggering T cells through CD3 or CD3/CD28 did not lead to similar changes in gene expression. CD44 is also induced by ␤-catenin. Although CD44 expression increased in T cells after all stimulations, the increase in CD44 expression was highest when cells were activated through chNKG2D ( Figure 1F ). Expression of Bcl-2 and Bcl-xL, which are also regulated by ␤-catenin, were increased by NKG2D stimulation, but there were no differences in the survival or proliferation of T cells stimulated through NKG2D compared with CD3 (data not shown). These data indicate that activating T cells through the chNKG2D receptor, which is a combination of CD3 and DAP10, but not CD3 or CD3/CD28, activated ␤-catenin and increased the expression of ␤-cateninregulated genes. 
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Activation of T cells through a wtNKG2D receptor increases expression of ␤-catenin-regulated genes
Human CD8 ϩ T cells express the NKG2D receptor, so it is possible that stimulating through a combination of the TCR and NKG2D receptor, similar to activation through the chNKG2D receptor, would also activate ␤-catenin. T cells used in this study were stimulated with anti-CD3 Abs and expanded for 10 days in IL-2 and were considered early effector T cells. These T cells expressed CD45RO, CD27, CCR7, L-selectin, and little CD57. 9 Compared with CD8 ϩ T cells isolated directly from PBMCs, these activated effector T cells maintained expression of NKG2D and had decreased expression of CD28 (supplemental Figure 1) . 17 T cells expressing wtNKG2D receptors were stimulated with anti-CD3-coated beads or beads coated with both anti-CD3 and anti-NKG2D Abs. Although phosphorylation of GSK3␤ increased after all stimulations, intracellular ␤-catenin and expression of ␤-catenininduced genes increased in wtNKG2D T cells stimulated only through both CD3 and NKG2D but not CD3 or NKG2D alone, indicating that the combination of TCR and NKG2D stimulation in CD8 ϩ T cells was required for ␤-catenin activation ( Figure 2 ). Similarly activated, untransduced T cells stimulated with beads coated with both anti-CD3 and anti-NKG2D Abs also increased intracellular ␤-catenin and expression of ␤-catenin downstream genes (supplemental Figure 2) . These data show that, unlike activation through the TCR (with or without CD28), stimulation of human CD8 ϩ effector T cells either through the chNKG2D receptor or through a combination of the TCR and NKG2D led to accumulation of ␤-catenin and increased expression of genes regulated by ␤-catenin.
Stimulation through the chNKG2D receptor decreases expression of anti-inflammatory cytokines
Effector CD8 ϩ T cells can be a significant source of cytokines when activated by their target Ag. Stimulation of T cells through the chNKG2D receptor led to an increased production of IFN␥, GM-CSF, TNF␣, and IL-2, compared with signaling through the TCR alone ( Figure 3A-B) . Stimulation through CD3 and CD28 also increased secretion of proinflammatory cytokines, particularly IL-2, indicating that CD28 on the effector T cells was functional (supplemental Figure 1) . The most striking finding was that activating through the chNKG2D receptor decreased production of anti-inflammatory cytokines IL-10, IL-9, IL-13, and the proangiogenic factor VEGF␣ to baseline amounts ( Figure 3C-D) . In contrast, activation through CD3/CD28 led to an increase in the secretion of both proinflammatory and anti-inflammatory cytokines. A decrease in anti-inflammatory cytokines was also observed when wtNKG2D T cells or activated, nontransduced T cells were stimulated through both CD3 and NKG2D, compared with an induction of these cytokines when T cells were stimulated through CD3 (data not shown). Thus, stimulation of T cells through the combination of NKG2D and the TCR complex is unique in its ability to induce proinflammatory cytokines while simultaneously preventing expression of anti-inflammatory cytokines.
␤-Catenin and AKT are both required for decreased expression of anti-inflammatory cytokine genes
To show the role of ␤-catenin in decreased cytokine expression after NKG2D activation, wtNKG2D or activated, nontransduced T cells were stimulated in the presence of a ␤-catenin inhibitor, XAV939. The changes in gene expression induced by the combination of CD3 and NKG2D were diminished when ␤-catenin was inhibited, indicating that ␤-catenin contributed to the increased gene expression of LEF1, TCF7, and PPAR␥, and the decreased gene expression and protein secretion of IL-10, IL-9, IL-13, and VEGF␣ ( Figure 4A-B) . In T cells stimulated with anti-CD3 with or without anti-CD28 Abs, expression of these genes was not significantly altered in the presence of a ␤-catenin inhibitor, indicating that ␤-catenin's role in the expression of these genes was restricted to cells stimulated through the NKG2D/DAP10 pathway. Inhibiting ␤-catenin in chNKG2D T cells stimulated through NKG2D had a similar effect of inhibiting alterations in gene expression (supplemental Figure 3) . However the ␤-catenin inhibitor did not globally affect gene expression in the T cells because IFN␥ secretion did not change in the presence of the inhibitor ( Figure 4B ; supplemental Figure 3) .
When AKT was inhibited in stimulated T cells, there were similar effects on gene expression as with the ␤-catenin inhibitor, indicating that AKT was also required for the expression of ␤-catenin-regulated genes ( Figure 4C ; supplemental Figure 3) . Accumulation of ␤-catenin was significantly decreased when AKT was inhibited in both chNKG2D-and CD3/NKG2D-stimulated wtNKG2D T cells compared with the DMSO vehicle, which showed that AKT was upstream of ␤-catenin activation ( Figure 4D ).
PPAR␥ contributes to the decreased expression of anti-inflammatory cytokines and VEGF␣
One of the genes that increased after activation through NKG2D was PPAR␥, a nuclear receptor that, when activated, binds to RXR␣ and can either repress or activate the expression of multiple genes, including TNF␣, IFN␥, and IL-10. 28, 29 To determine whether this increased expression of PPAR␥ contributed to the altered cytokine expression after stimulation through the NKG2D receptor, an inhibitor of PPAR␥ was added to cells during stimulation. Inhibition of PPAR␥ in wtNKG2D T cells activated through CD3 and NKG2D increased expression of IL-10, IL-9, IL-13, and VEGF␣, suggesting that the increased PPAR␥ expression after NKG2D stimulation was required for the decrease in cytokine expression ( Figure 5 ). Inhibiting PPAR␥ in chNKG2D T cells also increased expression of anti-inflammatory cytokines but did not have a significant effect on production of IFN␥, TNF␣, or IL-2 (supplemental Figure 4) . Thus, in T cells stimulated through the combination of CD3 and NKG2D receptors, PPAR␥ was required to inhibit the expression of anti-inflammatory cytokines.
Stimulation of T cells with NKG2D ligand-positive tumor cells activates ␤-catenin and decreases anti-inflammatory cytokines
To test whether similar results occurred when human T cells encountered NKG2D ligand-expressing cells rather than Abcoated beads, T cells were cultured with tumor cells, P815 cells, a murine cell line that will stimulate neither the TCR nor NKG2D receptor, P815-MICA cells, to stimulate the human NKG2D receptor only, or U937 cells, a human tumor cell line that naturally expresses NKG2D ligands. The tumor cells, which express Fc receptors and can be used to trigger specific receptors, were incubated with anti-CD3 mAbs or isotype control Abs to induce CD3/TCR stimulation. Incubation with Ab-coated beads stimulated chNKG2D T cells in a similar manner as when cultured with NKG2D ligand-positive tumor cells, as shown by comparable IFN␥ secretion (supplemental Figure 5) . ␤-Catenin increased when chNKG2D T cells were stimulated by NKG2D ligand-positive tumor cells with or without additional stimulation through the TCR . Similar cytokine secretion data were obtained when 72-hour supernatant fluids were analyzed from 2 additional donors (data not shown). When stimulated through NKG2D, chNKG2D T cells produced more inflammatory cytokines and less anti-inflammatory cytokines and VEGF␣ than when stimulated through CD3 alone.
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Stimulation through NKG2D modulates CD3/CD28 signaling
In vivo, it is possible that effector CD8 ϩ T cells may simultaneously encounter ligands for many different cell surface receptors. In addition, many chimeric Ag receptors currently being developed include multiple signaling domains to increase T-cell efficacy. 30, 31 To determine the effect of signaling through the NKG2D receptor, TCR, and CD28 simultaneously, T cells were activated with beads coated with a combination of anti-NKG2D, anti-CD3, and anti-CD28 Abs. The addition of NKG2D to CD3/CD28 stimulation modulated the outcome in chNKG2D, wtNKG2D, and activated, nontransduced T cells (Figure 7 ; data not shown). The presence of NKG2D led to an increase in TCF7 expression and a decrease in the gene expression and protein secretion of IL-10, IL-9, IL-13, and VEGF␣ compared with cells stimulated through CD3/CD28. Together, these data show that activation of the NKG2D receptor on effector T cells altered the function of T cells by activating ␤-catenin and PPAR␥, resulting in a decreased expression of anti-inflammatory cytokines. Thus, human effector T cells alter their function, depending on which innate receptors are engaged in conjunction with the TCR complex.
Discussion
Engagement of the NKG2D receptor in conjunction with the TCR complex, either through the chNKG2D receptor or the combination of CD3 and wtNKG2D, altered signal transduction cascades and gene transcription in human effector CD8 ϩ T cells. Stimulation of NKG2D and CD3 specifically activated ␤-catenin and led to an increase in proinflammatory cytokines and a decrease in antiinflammatory cytokines compared with T cells stimulated through CD3 or CD3 and CD28. NKG2D also modulated the production of cytokines by T cells when concurrently activated through CD3, CD28, and NKG2D. Thus, triggering of innate immune receptors alters effector functions of TCR-activated CD8 ϩ T cells.
Activation of costimulatory receptors is essential for naive T cells to become fully activated effector cells, but costimulatory receptors also have important roles in effector and memory T cells. After activation by a professional APC, the effector T cell will travel to a site of inflammation, such as a tumor or site of infection. At this site, the TCR may engage its MHC-peptide ligand, but the function of the T cell can also be altered by cytokines or other cellular interactions. To enhance efficacy of effector CD8 ϩ T cells for therapy, many approaches for adoptive T-cell therapy use chimeric Ag receptors (CARs) that combine a molecule specific for an Ag with Ն 1 intracellular signaling domains from costimulatory receptors. 30, 31 Although many first-generation CARs used solely the signaling domains of CD3 or Fc receptor ␥, second-generation receptors include costimulation domains to enhance T-cell efficacy and survival. 30, 31 These costimulatory domains have included sequences from CD28, OX40, 41BB, or ICOS. The chNKG2D receptor falls into this category of a second-generation receptor because it will activate both CD3 and DAP10. The current study found that inclusion of the NKG2D/DAP10 signal in a CAR provides a unique way to alter the effector functions of T cells to increase secretion of proinflammatory cytokines and to decrease anti-inflammatory cytokines. Many CARs use CD3/CD28 signaling domains, and it is possible that T cells expressing these CARs may encounter NKG2D ligands in the tumor microenvironment. As the data in this study showed, activation of NKG2D may alter the effector functions of the CD3/CD28 CAR-expressing T cells. Thus, it will be important to study how combining and integrating various receptor signals may affect signal transduction and subsequent effector functions of T cells used for therapies.
The NKG2D receptor induces signaling in CD8 ϩ T cells through the associated adaptor molecule DAP10. Previous studies have shown that in human naive CD8 ϩ T cells, stimulation with NKG2D was able to enhance proliferation, cytotoxicity, and production of IFN␥, TNF␣, and IL-2. 10, 32 The current study illustrates that activation of effector CD8 ϩ T cells through NKG2D in conjunction with the TCR activates AKT, which then leads to activation of ␤-catenin and downstream genes. Activation of ␤-catenin was because of NKG2D, as stimulation through CD28 did not trigger this pathway, showing that DAP10 induces different signal transduction cascades than CD28. One possible explanation is that, although both molecules activate PI3K and AKT, recruitment of additional signaling molecules to the intracellular domain of CD28, such as Itk, Tec, and Lck, act in concert with the AKT-signaling cascade to activate alternative pathways.
In addition to WNT being a key regulator of T-cell development and thymocyte differentiation, recent work has shown the importance of WNT/␤-catenin signaling in mature T cells. 18, 20 It has been shown that naive CD8 ϩ T cells express Lef1 and Tcf1, and these proteins decrease after stimulation through the TCR. 25, 33 Other studies have shown that accumulation of ␤-catenin during T-cell activation arrested the differentiation of CD8 ϩ T cells and supported the development of central memory T cells. [21] [22] [23] 34 Although host T cells develop memory responses to tumor Ags after chNKG2D T-cell treatment, murine chNKG2D T cells themselves do not live long term in vivo, indicating that activation of ␤-catenin may not always lead to the development of memory T cells. 35, 36 The data in the current study showed that NKG2D activation of ␤-catenin modulates the expression of cytokines, leading to a decrease in anti-inflammatory/Th2 cytokines IL-10, IL-13, and IL-9. This decrease depended not only on ␤-catenin but also on 
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BLOOD, 16 JUNE 2011 ⅐ VOLUME 117, NUMBER 24 For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From PPAR␥, a transcription factor downstream of ␤-catenin activation. One possible mechanism through which ␤-catenin modulates the expression of cytokines is through the nuclear receptor PPAR␥, which associates with binding partner RXR␣, binds to the DNA, and regulates expression of many genes. When PPAR␥ is bound to DNA in the presence of its ligand, PPAR␥ recruits coactivator complexes and activates expression of its target genes. Ligands for PPAR␥ include various fatty acids such as 15-HETE, 13-hydroxyoctadecadienoic acid, and 15-deoxy-⌬ 12,14 -prostaglandin J 2 . 37 However, in the absence of PPAR␥ ligands, PPAR␥ has been shown to recruit corepressor complexes and to inhibit gene expression. Stimulation of NKG2D and CD3 increases expression of PPAR␥ but may not concurrently induce the expression of PPAR␥ ligands. This may lead to the presence of ligand-free PPAR␥ bound to the DNA-recruiting corepressor complexes and result in the inhibition of downstream target genes, such as IL-10, IL-9, and IL-13. 37, 38 Another possible mechanism may involve PPAR␥ directly inhibiting transcription factors that control cytokine secretion, including NF-B, nuclear factor of activated T cells (NFAT), or extracellular signal-regulated kinase (ERK). 37, 38 PPAR␥ has also been shown to decrease angiogenesis, and these data indicate that NKG2D-induced PPAR␥ decreased expression of VEGF␣ compared with T cells stimulated through the TCR or TCR/CD28, suggesting a possible mechanism for PPAR␥'s role in inhibiting angiogenesis. 39 Together, these data show that activation of ␤-catenin by NKG2D signaling promoted proinflammatory cytokines and inhibited anti-inflammatory cytokines compared with TCR/CD28 signaling in CD8 ϩ effector T cells.
Several studies have investigated the role of WNT/␤-catenin signaling in T cells with the use of chemical activators of the ␤-catenin pathway, by adding WNT proteins, or with the use of T cells deficient in or overexpressing molecules involved in WNT and ␤-catenin signaling. 18, [21] [22] [23] 40 However, it remains unclear how ␤-catenin is activated in effector T cells during a physiologic immune response. There are Ն 19 known WNT proteins and 10 Frizzled receptors, 19, 20 and it cannot be ruled out that CD8 ϩ T cells stimulated through NKG2D up-regulate expression of Frizzled receptors or secretion of WNT proteins. Alternatively, the data in this study show activation of AKT by NKG2D triggering, and that this was required for stabilization of ␤-catenin and changes in downstream gene expression. Among its myriad of functions, AKT is able to phosphorylate and inhibit GSK3␤, and thus simulate signaling along the WNT pathway by activating ␤-catenin during T-cell activation. 27 However, stimulation through CD3 alone also activated AKT and GSK3␤, indicating that NKG2D-specific activation of ␤-catenin may be downstream of GSK3␤. GSK3␤ is known to phosphorylate Ͼ 40 different protein substrates in the cell, including TSC2 of the mammalian target of rapamycin-2 complex, NF-B, and cAMP response element binding. 41 Therefore, differences in the activation of these additional pathways in CD3 versus CD3/NKG2D-activated T cells may also play a role as to whether GSK3␤ is associated with the ␤-catenin destruction complex, and thus involved in regulating ␤-catenin. Indeed, preliminary work shows that in addition to ␤-catenin, there are differences in the activation of NF-B and CCAAT/enhancer binding protein-signaling pathways when signaling through CD3 alone or CD3 and NKG2D together in effector CD8 ϩ T cells (data not shown).
CD8 ϩ T cells are best known for their ability to lyse target cells; however, they also secrete numerous cytokines that contribute to 
NKG2D RECEPTOR ALTERS T-CELL CYTOKINES 6579
BLOOD, 16 JUNE 2011 ⅐ VOLUME 117, NUMBER 24 For personal use only. on April 18, 2017 . by guest www.bloodjournal.org From the development and regulation of immune responses. In addition to secreting proinflammatory cytokines such as IFN␥ and TNF␣, effector CD8 ϩ T cells have been shown to regulate inflammation through secretion of IL-10, a cytokine that can act on multiple cell types to dampen inflammatory responses. [42] [43] [44] Similar to CD4 ϩ T cells, CD8 ϩ T cells can be classified into effector subsets, with Tc1 cells secreting IFN␥, and Tc2 cells secreting Th2-associated cytokines IL-4, IL-9, and IL-13. 45, 46 The factors that drive the development of these CD8 ϩ T-cell subsets are still unclear. The data in this study showed that NKG2D activation of WNT/␤-catenin pathway inhibits expression of Tc2-associated cytokines, whereas it did not significantly affect IFN␥ expression. This supports the idea that NKG2D may contribute to CD8 ϩ T-cell differentiation at tissue sites.
The ligands for the NKG2D receptor are known to be upregulated on cell stress or DNA damage. 5, 47 They are expressed on many types of tumors and after infection with some viruses, including HIV and influenza virus. 5, [47] [48] [49] APCs, such as macrophages and dendritic cells, can also transiently express NKG2D ligands after TLR activation. 5 In addition, they are expressed at low levels on some healthy tissues, including differentiated intestinal epithelial cells, where they do not induce an immune response in healthy persons, but are up-regulated and may be involved in Crohn and celiac diseases. 5, 50 Because NKG2D can alter effector CD8 ϩ T-cell cytokines, this may be one mechanism that regulates CD8 ϩ T cells at sites of infection or tumor growth. Because activated CD8 ϩ T cells expressing NKG2D encounter NKG2D ligands and their cognate MHC-peptide complexes on infected target cells or activated APCs, NKG2D may induce CD8 ϩ T cells to secrete proinflammatory cytokines, such as IFN␥, while at the same time preventing production of anti-inflammatory cytokines. This may induce the development of Tc1 cells at that tissue site, and it will promote inflammation to eradicate the pathogen or to attack a tumor. As NKG2D ligand expression decreases, CD8 ϩ T cells no longer receive the signal through NKG2D, so they may begin to produce anti-inflammatory cytokines, such as IL-10 and VEGF␣, which can limit inflammation and tissue damage and promote wound healing. However, continued expression of NKG2D ligands, which can occur during chronic inflammation, may result in a continual local differentiation of Tc1 CD8 ϩ T cells, leading to long-term tissue damage and promoting autoimmunity. Thus, the expression of NKG2D ligands may fine-tune the T-cell response to induce proinflammatory cytokines at the initiation of an immune response and subsequently begin resolution of inflammation once NKG2D ligand expression is down-regulated.
In summary, the data in this study show that activation of human CD8 ϩ T cells through the chNKG2D receptor alone or NKG2D and the TCR activate ␤-catenin and downstream genes, and this led to a decreased expression of anti-inflammatory cytokines. These data show that the downstream signaling cascades triggered by various non-TCR receptors may differentially induce and modulate the TCR signal and the functions of effector T cells. In addition, activation of ␤-catenin in T cells during vaccination or T-cell therapy may have beneficial effects through reducing the expression of anti-inflammatory cytokines and thus promoting the development of immune responses to infections or tumors. These non-TCR-induced signals should be considered when designing new receptors for immunotherapy and for designing strategies for manipulating T-cell effector functions in cancer, transplantation, autoimmunity, and infection.
